Breast cancer is a heterogeneous disease, and the complexity of breast carcinogenesis is associated with epigenetic modification. There are several major classes of epigenetic enzymes that regulate chromatin activity. This review will focus on the nine mammalian protein arginine methyltransferases (PRMTs) and the dysregulation of PRMT expression and function in breast cancer. This class of enzymes catalyse the mono-and (symmetric and asymmetric) di-methylation of arginine residues on histone and non-histone target proteins. PRMT signalling (and R methylation) drives cellular proliferation, cell invasion and metastasis, targeting (i) nuclear hormone receptor signalling, (ii) tumour suppressors, (iii) TGF-β and EMT signalling and (iv) alternative splicing and DNA/chromatin stability, influencing the clinical and survival outcomes in breast cancer. Emerging reports suggest that PRMTs are also implicated in the development of drug/endocrine resistance providing another prospective avenue for the treatment of hormone resistance and associated metastasis. The complexity of PRMT signalling is further underscored by the degree of alternative splicing and the scope of variant isoforms (with distinct properties) within each PRMT family member. The evolution of PRMT inhibitors, and the ongoing clinical trials of PRMT inhibitors against a subgroup of solid cancers, coupled to the track record of lysine methyltransferases inhibitors in phase I/II clinical trials against cancer underscores the potential therapeutic utility of targeting PRMT epigenetic enzymes to improve survival outcomes in aggressive and metastatic breast cancer.
Introduction
The frequency of breast cancer is escalating with improved life expectancy and the increased adoption of western lifestyles (Jemal et al. 2011 , Torre et al. 2015 . Breast cancer is one of the most widespread invasive cancers, which accounts for 25-30% of new cancers in women (AIHW 2012) . It is responsible for ~15% of cancerrelated mortality in females and accounts for ~6.5% of all cancer-related deaths (OECD 2011 , AIHW 2012 .
Breast cancer is classified into carcinoma in situ, including ductal and lobular and invasive breast cancer (IBC), including invasive/infiltrating ductal and invasive lobular (Lakhani 2012) . Hormone-dependent breast cancer has been recognised and understood from the nineteenth century after Beatson performed the first oophorectomy in a woman with advanced metastatic breast cancer in 1895 (Love & Philips 2002) . However, the first description of breast cancer was documented as early as 1600 BC, and surgical tumour removal/breast cancer surgery began in the eighteenth century and was documented as early as the second century AD.
Steroid hormones like oestrogen and progesterone play important roles in the growth and differentiation of the mammary gland and play a major role in the proliferation of neoplastic breast epithelium (Knight et al. 1977 , Hankinson et al. 1998 , Cauley et al. 1999 , Russo & Russo 2006 . There is significant clinical and epidemiological evidence that associates prolonged exposure to oestrogens with increased risk of developing breast cancer (Knight et al. 1977 , Hankinson et al. 1998 , Cauley et al. 1999 , Russo & Russo 2006 . With the discovery of the oestrogen receptor α (ERα) as a positive predictor of response to endocrine therapy, histological analysis and stratification of breast cancer tumours has been underpinned primarily by measuring the expression of two steroid hormone/nuclear hormone receptors (NRs), ER and the progesterone receptor (PR). In addition to ER/PR status, human epidermal growth factor receptor 2 (HER2) is utilised as an additional biomarker of disease diagnosis and avenue for therapeutic treatment (Arteaga et al. 2011) . This practice (coupled to age, tumour type and size) remains common and serves to highlight current patient diagnosis, treatment and management (Oh et al. 2017) involving hormonal therapy, radiation and/or chemotherapy. For example, the ER/hormonedependent therapies, tamoxifen, fulvestrant and letrozole are used to selectively inhibit, degrade ER and suppress E2 synthesis/availability, respectively, for the treatment of ER+ breast cancer, underscoring the therapeutic utility of NRs in human health (Oh et al. 2017 ). In addition, the HER2-targeted therapy, utilising a monoclonal antibody (e.g. trastuzumab) that targets the epidermal growth factor receptor (a tyrosine kinase receptor) encoded by the ERBB2/HER2 gene, is utilised as an adjuvant treatment for HER2+ (ER+ and ER−) patients displaying HER2 protein over-expression or HER2 gene amplification). ER+, HER2+ and triple-negative breast cancers (TNBC; ER−/PR−/HER2−) account for ~70, ~15-20 and ~10-15%, respectively, of IBC (Cuzick et al. 2010 , Arteaga et al. 2011 , Oh et al. 2017 .
Unfortunately, breast cancer is a very diverse and heterogeneous disease, it is accepted that these timehonoured conventional approaches are imperfect in their capacity to unfailingly identify and stratify breast cancer subtypes. This observation and challenge has promoted a comprehensive molecular footprinting of breast cancer subtypes to enhance and complement the historic approaches (Cancer Genome Atlas Network 2012) in the drive to improve therapeutic strategies and survival outcomes. Exhaustive and meticulous profiling studies of IBCs in a landmark study by Perou et al. (2000) provided the foundation for further studies (Perou et al. 2000) , which identified several tumour subtypes, including luminal A and B, HER2+, basal-like (A and B) triple-negative tumours and the unclassified normal/ breast-like group ER positive/HER2 negative (very similar to luminal A, reviewed in Masood 2016) . The subtype discrimination utilised ~500 genes that differentiated the subgroups based on gene expression footprints. The luminal A and B are ER+, HER2-negative subtypes that express ER (and/or PR) and GATA3 (and associated downstream regulated genes). Luminal A and B breast cancer are associated with low and high Ki-67 expression (that drives cellular proliferation) indicating better and poorer prognosis and survival outcomes, respectively. The HER2-enriched (HER2+) tumours are generally ER and PR negative and have a poor prognosis; however, targeted therapies are often associated with successful outcomes. The basal-like A and B tumours display no (or very low) HER2, ER and PR expression, with elevated expression of basal epithelial genes (including cytokeratin and integrin B4) and are often associated with BRCA1 gene mutations and elevated Ki-67 expression. The basal-like tumours are aggressive and metastatic, with poor clinical and survival outcomes. Advanced analysis and subsequent fine-tuning identified a total of ~20 molecular subtypes displaying unique molecular, histological and pathologic profiles, underscoring the complexity of this disease. For example, this diverse and heterogeneous disease may also be partitioned into the following classifications: (i) Claudin-low (defined by elevated expression of epithelialmesenchymal, mammary stem cell biomarkers and immune response genes), (ii) molecular apocrine subtype (ER−/AR+ and includes the TNBC and HER2+ subtypes) and (iii) a novel luminal-like subtype (ER−/HER2−) (reviewed in Tang & Tse 2016) .
Regrettably, despite disease heterogeneity, present day patient treatment and management, largely remains restrained by the histological evaluation and status of the three major markers (ER/PR/HER2 status). Nextgeneration sequencing and cell biological and precision medicine approaches to finely map subtypes have not yet become a common clinical practice and/or utilised (with the exception of several cancer centres using precision medicine). Unfortunately, despite the success and efficacy of hormone-dependent therapies targeting ERα action as discussed earlier, resistance to endocrine therapies occurs in many patients with aggressive ER+ subtypes. Moreover, these cancer subtypes are associated with relapse/recurrence and/or metastasis linked to persistent ERα expression and E2-independent activity. Several ligand-independent functions of ERα signalling underlying the clinical development of endocrine resistance have been reported: (i) constitutive coactivator recruitment involving CARM1, (ii) NCOA3, (iii) RUNX2-ER-dependent SOX9 expression and (iv) pro-inflammatory cytokine-mediated activation of ERα (Louie et al. 2004 , Carascossa et al. 2010 , Jeselsohn et al. 2017 , Stender et al. 2017 . Moreover, TNBCs (ER−/PR−/HER2−) and other subtypes (e.g. basal) are unresponsive to hormonal treatments, respond poorly to chemotherapy and are associated with metastasis. In addition, current treatments are associated with side effects, inefficient utility against the diversity of subtypes and the development of endocrine resistance, underscoring (i) the need to identify new biomarkers, mechanisms and causes of breast cancer and (ii) the urgency to identify novel pharmaceuticals (Oh et al. 2017 ) and adjuvant treatments with utility against many molecular and metastatic subtype (Cuzick et al. 2010 , Arteaga et al. 2011 , Muscat et al. 2013 , Oosterwijk et al. 2014 , Oh et al. 2017 .
Drugs targeting dysfunctional (hormone-dependent) NR signalling, for example, the FDA-approved hormonedependent therapies targeting E2/ERα signalling, display utility against breast cancer, but with the limitations mentioned. Interestingly, genetic alterations do not provide a complete appreciation of breast cancer. Currently, >80% of neoplastic breast cancer occurs in women with no preceding substantiation of family history, that is, defined genetic mutations (Oosterwijk et al. 2014) . However, hormone-dependent transcriptional control by ligandbound NRs involves the recruitment of coactivators, corepressors and epigenetic enzymes that function to amplify (and modulate) transcriptional regulation (Lonard & O'Malley 2012) . This provides additional windows into mechanistic and medicinal targeting of pathways that control gene regulation. Emerging literature has identified a complex interplay among many other members of the NR signalling superfamily (in addition to ER and PR), coregulators and epigenetic enzymes, which play significant roles in non-familial breast cancer. This was highlighted in our studies that identified differential expression of the NR superfamily (Muscat et al. 2013) (that accounts for ~15% of prescription pharmaceuticals and FDA approvals), coregulators and epigenetic enzymes including the protein arginine methyltransferases (PRMTs) in (ER+ and ER−) breast cancer relative to normal breast (Dowhan et al. 2012 , Doan et al. 2014 , Oh et al. 2014 , 2016 . The NR and co-regulator/epigenetic signatures displayed prognostic and therapeutic utility in predicting clinical outcomes (Dowhan et al. 2012 , Doan et al. 2014 , Oh et al. 2014 , 2016 .
Epigenetic activity chemically alters the chromatin (for example, modifications, including methylation and acetylation status of DNA, histones and transcriptional regulators) and brings about cell-, tissue-and organ-specific epigenetic phenotypes. Epigenetic control and regulation defines alterations in genome function that emerge without alterations in DNA sequence. Aberrant epigenetic alterations drive human disease and are piloted by many enzymes including the lysine methyltransferases (KMTs), lysine demethylases (KDMs), protein arginine methyltransferases (PRMTs), histone lysine acetyltransferases (HATs), histone lysine deacetylases (HDACs) and DNA methyltransferases (DNMTs), particularly in the context of cancer and breast carcinogenesis (Arrowsmith et al. 2012 , Oh et al. 2017 . These epigenetic enzymes control the epigenomic modifications that are notable drivers of transcriptional regulation, cancer (breast carcinogenesis), proliferation, immortalisation and invasion (Yang & Bedford 2013 , Poulard et al. 2016 , Blanc & Richard 2017 , Oh et al. 2017 . This review will focus on epigenetic modifications directed by protein arginine methyltransferases (PRMTs) enzymes that methylate arginine amino acids, have critical roles in NR signalling, breast carcinogenesis and silencing of tumour suppressors (Harrison et al. 2010 , Teyssier et al. 2010 and are tractable drug targets in many varieties of cancer (Copeland et al. 2009 , Richon et al. 2011 , Hu et al. 2016 , Oh et al. 2017 , Copeland 2018 .
Epigenetic drug development targeting PRMTs is focused on the reversibility of epigenomic modifications through targeted inhibition of PRMT enzymes. Fortunately, there are sufficient structural distinctions that tolerates and enables selective targeting of PRMTs (Richon et al. 2011 ) using small-molecule inhibitors, creating desirable targets for therapeutic exploitation (Kaniskan & Jin 2017 , Copeland 2018 . Moreover, the potential translational outcomes associated with the tractable PRMT family are underscored by the list of epigenetic enzyme inhibitors undergoing appraisal in pre-clinical and clinical trials as novel cancer therapies (Hamamoto & Nakamura 2016 , Oh et al. 2017 ). In summary, promising studies highlight the tractable nature and therapeutic utility of epigenetic enzymes in drug discovery and cancer. This review will focus on the role of PRMTs in breast carcinogenesis. Moreover, it will highlight (i) the rapidly maturing functional role of the PRMT epigenetic enzymes that have an impact on disease relapse, clinical and survival outcomes in breast cancer (Oh et al. 2017 ) and (ii) the emerging potential to therapeutically exploit this class of druggable enzymes as adjuvant treatments to control disease recurrence, metastasis and clinical outcomes.
Overview of protein arginine methyltransferases
Protein arginine methylation is a common posttranslational modification catalysed by an HMT family of nine mammalian protein arginine methyltransferases (PRMTs) ( Fig. 1A ) (Yang & Bedford 2013 , Blanc & Richard 2017 ) that have critical roles in steroid/NR-dependent signalling and breast cancer (Harrison et al. 2010 , Teyssier et al. 2010 . The PRMTs are a class of enzymes that transfer a methyl group from SAM to the guanidino nitrogen of arginine residues. PRMTs generate three types of arginine methylation modifications: (i) monomethylarginine (MMA), (ii) asymmetric dimethylarginine (ADMA) and (iii) symmetric dimethylarginine (SDMA) (reviewed in Poulard et al. 2016 ) and S-adenosylhomocycteine ( Fig. 1B) . MMA is produced in the initial reaction, followed by a sequential catalytic reaction that drives further turnover and methylation resulting in dimethylarginines ( Fig. 1B) . Arginine residue methylation modifies the structure and hydrogen bonding, altering DNA/RNA-protein and protein-protein interactions, modulating biological responses (reviewed in Morales et al. 2016) .
Human PRMTs can be can be classified into three catalytic groups: type I includes PRMT1, PRMT2, PRMT3, CARM1/PRMT4, PRMT6 and PRMT8; type II PRMT5 and PRMT9 and type III PRMT7 (Figs 1 and 2) . The PRMT family is established around a highly conserved catalytic core (signature methyltransferase motifs (post I, II and III) and a β-barrel like domain that promotes substrate binding). In contrast, the amino (N)-and carboxyl (C)-terminal regions are highly divergent, indicating that PRMTs have unique specificities to different substrates ( Fig. 1A ) (reviewed and discussed in Morales et al. 2016) . Types I and II produce ADMA and SDMA ( Fig. 1B) , respectively, targeting histone and non-histone proteins. In contrast, the type III enzyme, PRMT7 drives the establishment of monomethylarginine (MMA) and specifically modifies histone arginine residues and automethylation (reviewed in Schapira and Ferreira de Freitas 2014, Boriack-Sjodin and Swinger 2016, Morales et al. 2016) (Fig. 2) .
The PRMT enzymes dynamically regulate chromatin structure and function as coregulators, that coactivate and co-repress transcription and gene expression (Yang & Bedford 2013 , Blanc & Richard 2017 . Blanc and Richard (2017) state 'PRMTs deposit key activating (histone H4R3me2a, H3R2me2s, H3R17me2a, H3R26me2a) or repressive (H3R2me2a, H3R8me2a, H3R8me2s, H4R3me2s) histone marks' (Fig. 2) . For example, PRMT5 modulates methylation of H2, H3 and H4, which suppresses the expression of tumour suppressor genes (Peng & Wong 2017) . PRMTs influence a diverse range of cellular processes (summarised in Fig. 2) including growth, proliferation, differentiation, transcription, DNA damage and repair, immune system, RNA processing/alternative splicing and signal transduction (Yang & Bedford 2013 , Poulard et al. 2016 , Blanc & Richard 2017 , Peng & Wong 2017 .
Furthermore, an increasing body of literature highlights the expression of PRMTs is associated with carcinogenesis, tumour progression and metastasis of breast cancer (Morettin et al. 2015) . The complexity of PRMT function and the biological role of epigenetic enzyme-mediated protein methylation in the regulation of cellular proliferation and tumourigenesis (recently reviewed in Raposo & Piller 2018) is further underscored by the extent of RNA processing/alternative splicing associated with the formation of the PRMT1, 2 4, 5, 7 and 9 variant splice forms with specific functions (Cook et al. 2006 , Sohail & Xie 2015 and reviewed in Baldwin et al. (2014) . Aberrant PRMT expression has been linked to the pathogenesis of a number of human diseases, including many different types of cancer (Cuzick et al. 2010 , Arteaga et al. 2011 , Yang & Bedford 2013 , Poulard et al. 2016 , Blanc & Richard 2017 , Oh et al. 2017 , neurodegenerative diseases and metabolic disorders. In the context of risk factors impacting on cancer it should be mentioned that age, diet and lifestyle factors effect PRMT expression and activity. For example, PRMT expression and activity have been shown to be age dependent and display distinct organ-specific spatio-temporal patterns of expression . However, increased PRMT activity, R methylation (ADMA) and plasma/tissue levels of ADMA are associated with obesity, type 2 diabetes, fatty liver and cardiovascular disease (Matsuguma et al. 2006 , Gruber et al. 2008 , Maas et al. 2009 , Abhary et al. 2010 , Lee et al. 2011 , Bouras et al. 2013 , Rochette et al. 2013 ). In addition, in the context of dietary factors, increased blood glucose (hyperglycaemia) leads to aberrant methylation of proteins. Haploinsufficiency of PRMTs, PRMT depletion and overexpression have been associated with improved and aberrant glycaemic control, respectively (Choi et al. 2012 , Han et al. 2014 . Moreover, red wine consumption has been associated with decreased PRMT activity and ADMA expression (Scalera et al. 2009 ), and lifestyle and cardiovascular risk factors are negatively correlated with enzymes catalysing ADMA metabolism (Puchau et al. 2009 ).
The role of PRMT action in breast carcinogenesis and survival outcomes is poorly understood. Here, we provide a review focused on the biological roles and clinical relevance of these PRMTs in breast cancer, disease relapse and clinical outcomes. PRMT function reveals a new interface for potential therapeutic exploitation of novel adjuvant pharmacological targets. PRMTs have been demonstrated to control transcription/gene expression by functioning, in part, as coregulators for a range of transcription factors, including nuclear receptor that mediate hormone-dependent gene regulation (Bedford & Clarke 2009 ). Initial studies have identified differential expression of several PRMT proteins as having a key role in breast cancer, prostate cancer, gastric cancer, lymphoma and leukaemia (Poulard et al. 2016) . Moreover, hazard and survival analysis demonstrated elevated expression of the PRMTs was associated with adverse clinical outcomes in breast cancer (Oh et al. 2017 ).
Protein arginine methyltransferase in breast carcinogenesis and clinical outcomes
Protein arginine methyltransferase 1 PRMT1 belongs to the type I class of enzymes, accounts for (>90%) arginine methylation and modulates gene expression in a variety of cell types (Tang et al. 2000) . Gao et al. (2016) showed that PRMT1 is recruited to the of ZEB1 promoter region and mediates H4R3me2a methylation that induces and directs the epithelialmesenchymal transition (EMT) process (Gao et al. 2016) . 
Figure 2
Schematic describing protein arginine methyltransferase epigenetic signalling and the post-translational epigenetic arginine methylation marks driven by PRMTs 1-9, which regulate gene expression and critical cancer pathways in breast carcinogenesis.
The histone 4 arginine 3 residue (H4R3me2a) targeted by PRMT1 has been implicated in transcriptional activation and inducing tumourigenic pathways (Shia et al. 2012 ). In addition, it has been reported PRMT1 directly methylates non-histone proteins, for example, PRMT1 methylates the arginine residue 260 (R260) in the DNAbinding domain of ERα in vitro and in vivo, underscoring the significant role of PRMT1 in breast cancer (Le Romancer et al. 2008) .
Alternative splicing of PRMT1 is associated with isoform-specific substrate specificity and unique nucleocytoplasmic patterns of expression. The expression of the PRMT1v2 alternatively spliced isoform variant is significantly elevated in breast cancer, and expression is primarily localised in the cytoplasm. PRMT1v2 gain-and loss-of-function analysis in breast cancer cells increased and reduced cell invasion, respectively, and is dependent on its distinct N-terminal that affects PRMT1 catalytic activity and substrate specificity (Baldwin et al. 2012) . Survival analysis in breast cancer cohorts suggested that low PRMT1v1 expression was associated with the better probability of disease-free survival (DFS; P = 0.036) (Mathioudaki et al. 2011 ) and in accord with observations that PRMT1-dependent methylation regulates several critical cellular processes in tumourigenesis. These and previous studies implied that elevated PRMT1 expression is potentially associated with poor survival in breast cancer. In agreement, it has been demonstrated that PRMT1 expression was associated with poor prognosis and survival, using >3500 breast cancer patients from the kmplot datasets (Gyorffy et al. 2010 , Oh et al. 2017 .
Protein arginine methyltransferase 2
The expression of PRMT2 is significantly increased in breast cancer (Zhong et al. 2012) and Qi et al. (2002) demonstrated PRMT2 coactivates ERα. In addition, Meyer et al. (2007) also reported PRMT2 interacts with the NRs ERα and ERβ, implying this co-regulator has a notable role in breast carcinogenesis (Qi et al. 2002 , Meyer et al. 2007 ). PRMT2 depletion studies in mouse embryonic fibroblast (MEF) cells induced E2F activity and cell cycle progression, providing evidence for its role in cellular proliferation (Yoshimoto et al. 2006) . Zhong et al. (2011) demonstrated that PRMT2 and its alternately spliced transcripts are positively associated with ERα status and breast cancer, and preferentially expressed in oestrogen/ERα target cells and tissues (Zhong et al. 2011) . They further reported that several PRMT2 splice variants interact with ERα and coactivate ERα-dependent gene expression including trans-activation of critical ERα target genes. This implied elevated PRMT2 expression is potentially linked with breast cancer. Zhong et al. (2014) further demonstrated that PRMT2 attenuates breast cancer cell growth; moreover, they showed that PRMT2 decreased cyclinD1 expression by mechanism dependent on inhibition of ERα recruitment to the AP1 cognate-binding site in the cyclinD1 promoter. Interestingly, the group reported that nuclear loss of PMRT2 positively correlated with the grade of ductal carcinoma and cyclinD1 expression (Zhong et al. 2014) . Oh et al. (2014) exploited PRMT2 loss-of-function studies in MCF-7 cells and observed that PRMT2-dependent gene expression was involved in cell cycle regulation, checkpoint control, chromosomal instability and DNA repair (Oh et al. 2014) . Further biochemical and DNA repair analysis demonstrated PRMT2 knockdown induces nucleotide excision repair of UV-induced DNA lesions and promotes homologous recombination repair of doublestranded breaks. WGCNA analysis identified a significant association between PRMT2-dependent gene expression, checkpoint control and DNA repair, which correlated with the pan-cancer metagene signatures that drive epithelialmesenchymal transitions and chromosomal instability in human cancer cohorts (Oh et al. 2014 ). Furthermore, elevated expression of the PRMT2 gene signature is significantly associated with decreased probability of distance metastasis-free survival (DMFS). Additional analysis revealed (i) a negative correlation between the expression of PRMT2 and the NR, RORγ in ER+ breast cancer and (ii) increased RORγ expression is associated with increased survival (Oh et al. 2016) . Hazard ratio analysis (with Cox regression) in several human breast cancer cohorts accordingly supported these observations demonstrating that higher PRMT2 expression decreases the probability of DMFS in breast cancer patients (Oh et al. 2014 (Oh et al. , 2017 and is associated with poorer clinical outcomes. In contrast, increased RORγ expression improves the probability of DMFS. Concordance index analysis (a means of quantifying discriminatory power of prediction) established that the PRMT2 signature very efficiently predicts breast cancer risk (Oh et al. 2014) . Zhong et al. (2017) observed that overexpression of the PRMT2β splice variant (that harbours a novel C-terminal region) in MCF-7 breast cancer drives cell cycle withdrawal, decreased cell growth and colony formation. The mechanism involved attenuation of the cyclinD1 promoter activity. Furthermore, PRMT2β expression was inversely correlated with human epidermal growth factor 2 (HER2) expression in breast tumours .
Oestrogen and ERα are important drivers of hormonedependent breast cancer. There are two splice variants of ERα, ERα66 and ERα46. ER-positive (hormone-dependent) breast cancer is associated with overexpression of the ERα66 splice variant. It has been demonstrated that tamoxifen treatment reduces PRMT2 expression and induces the expression of ERα36. Moreover, PRMT2 also interacts with ERα36 . Curiously, in TNBC MDA-MB-231 cells, PRMT2 expression increased the sensitivity to tamoxifen and attenuated ERα36 expression; however, no significant association between PRMT2 and ERα36 expression could be identified in breast cancer cohorts . In summary, the reports to date in the literature underscore the role of PRMT2 in cell cycle control, DNA repair and genome stability; further studies are required to address some apparent contradiction on the effect of PRMT2 expression on cell cycle control in breast cancer cells, the regulation of cyclinD1 expression and differential expression in breast cancer patients. It is plausible these discrepancies are associated with variant isoform expression (and the range of alternatively processed PRMT2 transcripts), the sub-cellular localisation of these epigenetic enzymes that shuttle between the nucleus and cytoplasm and patient cohorts. Hazard and survival analysis in a number of human breast cancer patient cohorts clearly indicates elevated expression of PRMT2 (and the PRMT2-dependent gene signature) is associated with poorer clinical and survival outcomes.
Protein arginine methyltransferase 3
The function of PRMT3 in breast cancer and carcinogenesis remains obscure. PRMT3 expression has been reported to be associated with poor survival and high hazard ratio score indicating PRMT3 targeting and inhibition may provide therapeutic options for breast carcinogenesis (Oh et al. 2017) . In the context of PRMT function and the expression of tumour suppressors, DAL-1 (differentially expressed in adenocarcinoma of the lung)/4.1B tumour suppressor has been demonstrated to interact with PRMT3, resulting in the attenuation of PRMT3-mediated methylation in breast cancer cells (Singh et al. 2004) , and the induction of apoptosis of breast cancer cells (Jiang & Newsham 2006) . Swiercz et al. (2005) reported the ribosomal protein S2 is methylated by and interacts with PRMT3 suggesting it has a role in regulating protein synthesis (Swiercz et al. 2005) . In accord, PRMT3 deficient mouse model was found to be associated with hypomethylated ribosomal protein S2 (Swiercz et al. 2007) . Another report demonstrated that the von Hippel-Lindau tumour suppressor that attenuates carcinogenesis and angiogenesis interacts with PRMT3 and the associated protein complex to asymmetrically dimethylate R residues in the major tumour suppressor, p53 (Lai et al. 2011) . In summary, the studies to date suggest that PRMT3 is involved in controlling protein synthesis and modulating tumour suppressor function in breast cancer.
Protein arginine methyltransferase 4
PRMT4 also denoted as coactivator-associated arginine methyltransferase 1 (CARM1 in humans) was identified as a transcriptional co-regulator (Chen et al. 1999 ) and has been reported as an ERα co-regulator (Al-Dhaheri et al. 2011) . CARM1 positively correlates with ERα in the ER+ subtype, but is negatively correlated with histological grade and is reported as an improved biomarker of breast cancer cell differentiation (Al-Dhaheri et al. 2011) . Davis et al. (2013) observed that the sub-cellular localisation of this ERα co-regulator is differentially associated with breast cancer subtypes. For example, elevated nuclear expression of CARM1 was observed in the HER2 subtype . Moreover, cytoplasmic expression of CARM1 links with specific breast cancer subtypes, and increased cytoplasmic expression of CARM1 is linked with the ER− subtypes. Finally, a higher cytoplasmic/ nuclear ratio is associated with African patient subgroups, and the authors suggested that subtype-specific cellular localisation maybe associated with specific subtype aetiology . Cheng et al. (2013) reported that increased expression of CARM1 was associated with high Ki-67 index and HER2 expression in the HER2, luminal B and TNBC IBC subtypes (Cheng et al. 2013) . This report also supported the prognostic analysis of breast cancer subtypes by CARM1 expression; however, the study did not provide insights into cytoplasmic vs. nuclear staining (Cheng et al. 2013) . In this context, Habashy et al. (2013) reported that CARM1 expression was significantly associated with the expression of HER2, p53, Ki-67 and other proliferative markers. Inverse links with luminal biomarkers associated with less aggressive breast cancer subtypes were identified (Habashy et al. 2013) . Oh et al. (2017) interrogated several breast cancer datasets and confirmed that increased CARM1 expression is significantly associated with adverse clinical and survival outcomes (Oh et al. 2017) . Two alternately spliced isoforms of CARM1 has been reported, the full-length and truncated forms, denoted as CARM1FL and CARM1∆E15, respectively. Curiously, despite the full-length and the truncated form displaying preferential sub-cellular localisation in the nucleus and cytoplasm, respectively, no association between the expression of these isoforms with breast cancer, subtype and or tumour volume could be identified in patient cohorts (Shlensky et al. 2015) .
CARM1 was demonstrated to methylate the chromatin remodelling SWI/SNF core subunit, BAF155. The methylation of the arginine 1064 residue of BAF155 displayed significant prognostic utility in the context of breast cancer recurrence and metastasis . The report demonstrated that CARM1-dependent arginine methylation of BAF155 drives carcinogenic activity associated with migration and metastasis. This is in accordance with results by Sharma et al. (2017) who identified the gene network modules including CARM1 and ER signalling modules associated with metastasis and the progression of the disease (Sharma et al. 2017 ). Furthermore, JmjC domain containing protein 6 (JMJD6) drives the interaction with the MED12 mediator complex that interacts with CARM1 and is involved in ERαdependent breast cancer cellular proliferation (Gao et al. 2018) . Hiken et al. (2017) demonstrated that aromatise inhibitor endocrine-resistant breast cancer is associated with increased prostaglandin E 2 receptor 4 (PTGER4) expression, a protein that drives agonist-independent activity of CARM1 (Hiken et al. 2017) . Sack et al. (2011) demonstrated CARM1 inhibition via indole and pyrazole-derived structures (Sack et al. 2011) . This created opportunities for the pharmacological manipulation of this epigenetic enzyme as a therapeutic tool against breast cancer. Summarising, CARM1/PRMT4 demonstrates prognostic utility as a biomarker, with subtype-specific insights and functions; however, there is variance and disagreement in the literature with respect to its correlation with the grade of tumour that may reflect its breast cancer subtype-specific expression and sub-cellular localisation. It's clear role as an ERα co-regulator in breast cancer cells highlights its significant role in breast cancer, and the consensus to date is that CARM1 expression is associated with poorer clinical outcomes.
Protein arginine methyltransferase 5
PRMT5 belongs to the type II class of arginine methyltransferases that produce SDMA modifications on the appropriate arginine residues. There is an increasing number of reports on the carcinogenic function of PRMT5 in breast cancer, and its attenuation of tumour suppressor activity. For example, Powers et al. (2011) observed PRMT5 is co-expressed with tumour suppressor programmed cell death 4 (PDCD4), which is often associated with improved clinical outcomes in several cancers. In breast cancer, co-expression of these markers is associated with poorer outcomes and correlates with PRMT5dependent methylation of PDCD4 (Powers et al. 2011) . Overexpression and association of PRMT5 and tumour necrosis factor receptor-associated 4 (TRAF4) was found in breast cancer, with (nuclear) PRMT5 expression. TRAF4 interacts with PRMT5 and drives cellular proliferation (Yang et al. 2015a) . Li et al. (2015) identified the tumorigenic role of PRMT5 in lymphomagenesis and potentiated the increased expression of oncogenic drivers (Li et al. 2015) . PRMT5 was demonstrated to drive arginine (R) methylation of the cell fate regulator, KLF4 (inhibiting ubiquitylation and turnover) and associated with increased expression of p21 (Hu et al. 2015) . In contrast, genotoxic stress (effecting genome stability) attenuates the PRMT5-dependent R methylation of KLF4, resulting in reduced KLF4 accumulation and cell cycle activation driving breast tumourigenesis (Hu et al. 2015) . Chen et al. (2017) reported PRMT5 interacted with WDR77, the formation of the complex was associated with increased R methylation in cancer, and linked to poorer clinical outcomes . In concordance, PRMT5 expression was demonstrated to be correlated with poor prognosis and clinical outcomes (Oh et al. 2017) . The PRMT5-WDR 77 activity is necessary for TGF-β dependent EMT and metastatic processes that are associated with (i) PRMT-dependent R2 methylation and (ii) regulation of critical genes linked with TGF-beta-dependent cancer cell invasion pathways . Chiang et al. (2017) reported PRMT5 recruitment to the FOXP1 promoter drives breast cancer stem cell (BCSC) proliferation facilitated by H3R2 dimethylation and H3K4 trimethylation (Chiang et al. 2017) . They further discussed the implications of inhibiting PRMT5 on BCSC stem cells and potential for decreasing rates of tumour relapse (Chiang & Davies 2018) . Consistent with these reports and considerations, PRMT5 inhibitor treatment decreases BCSC proliferation. Moreover, PRMT5 has also been demonstrated to modulate drug/chemotherapeutical sensitivity in BCSC cells . The complexity associated with the additional layer of alternate splicing of PRMTs cannot be ignored. For example, a shorter PRMT5 splice variant targets histone H4R3 methylation similar to the longer PRMT5 isoform; however, there is a different pattern of sub-cellular localisation and distinct targeting of genes associated with cellular proliferation (Sohail & Xie 2015) . In conclusion, PRMT5 expression is associated with poorer clinical outcomes, targets genes involved in cell fate determination and BCSC proliferation, and regulates gene expression associated with the induction of TGF-β dependent cell invasion.
Protein arginine methyltransferase 6
Increasing evidence has suggested that PRMT6 expression also promotes and drives breast carcinogenesis. Harrison et al. (2010) reported PRMT6 co-activated oestrogen and progesterone receptor-dependent gene expression (including critical target genes) in association with the steroid receptor coactivator-1. Moreover, this study also demonstrated that enzymatic arginine methyltransferase activity of PRMT6 was necessary for the coregulation of the NRs (Harrison et al. 2010) . In the context of breast cancer, PRMT6 regulates oestrogen-dependent breast cancer cell proliferation and alternative splicing of vascular endothelial growth factor and spleen tyrosine kinase. The increased expression of PRMT6 correlates with several cancer types, including breast, cervix, prostate and lung cancer, suggesting PRMT6 expression has a significant role in the onset/incidence and progression of cancer (Yoshimatsu et al. 2011) . PRMT6 was also found to be necessary for cellular proliferation of breast cancer cells and are involved in the transcriptional attenuation of critical tumour suppressor genes (Stein et al. 2012) . PRMT6 depletion was associated with increased expression of p21 and p16. Chromatin immunoprecipitation studies confirmed that PRMT6 is directly recruited by the p21 gene (Stein et al. 2012) . Furthermore, PRMT6 directly represses the p21 Waf1/Cip1 and p27 expression, binding on the promoter region (Kleinschmidt et al. 2012 , Phalke et al. 2012 , and further validated the effect of PRMT6 on cyclin-dependent kinase inhibitors. Neault et al. (2012) demonstrated that PRMT6 depleted mouse embryo fibroblasts were associated with cell cycle withdrawal, and increased expression of p21 and p53. The pathway involved the recruitment of PRMT6 to the p53 promoter and the methylation of H3R2 (Neault et al. 2012) . In contrast, PRMT6 has been reported to operate as an oncogene directly attenuating the p21 gene but in a p53independent manner in breast cancer cells (Phalke et al. 2012) . In the context of cell growth, Nakakido et al. (2015) went onto demonstrate that PRMT6-dependent proliferation involved suppression of p21 by methylation at residue arginine 156 that mediated phosphorylation of threonine 145 on p21 and drives the sub-cellular localisation of p21 to the cytoplasm, increasing the resistance of cancer cells to antineoplastic agents (Nakakido et al. 2015) . Dowhan et al. (2012) identified and validated PRMT6dependent gene expression and alternate splicing in breast cancer cells and patient samples. This included (i) decreased expression of the tumour suppressor, PTEN in breast cancer patient samples and increased PTEN mRNA expression after PRMT6 depletion in breast cancer cells and (ii) differential splicing of genes involved in centrosome targeting, cell invasion, apoptosis, p21-interacting protein and other cell cycle regulators. Furthermore, they demonstrated that aberrant (and increased) expression of the PRMT6 and PRMT6-dependent gene signature is associated with poorer clinical outcomes in ER+ breast cancer patients (i.e. increased probability of relapse/recurrence and metastasis) (Dowhan et al. 2012 , Oh et al. 2017 . Recently, Veland et al. (2017) provided evidence that PRMT6 suppresses DNA methylation, associated with methylation of H3 arginine 2 (H3R2), and increased PRMT6 expression plays a role in DNA hypomethylation in cancer. The mechanism involves the compromised recruitment of UHRF1 to chromatin, which is necessary for the activity of the DNA methyltransferase, DNMT1 (Veland et al. 2017) . In summary, elevated PRMT6 is associated with increased recurrence and metastasis; moreover, PRMT6 signalling is associated with the attenuation of p21, increased proliferation and attenuation in the expression/activity of critical tumour suppressors. Shen et al. (2016) and Mitchell et al. (2015) reported that selective and specific PRMT4/6 and PRMT6 inhibitors, respectively, provide the platform to evaluate these small molecule pharmacological tools as potential anticancer compounds and utility of targeting PRMT4 and 6, respectively (Mitchell et al. 2015 , Shen et al. 2016 .
Protein arginine methyltransferase 7
The carcinogenic role of PRMT7 has been slowly evolving in the last decade. PRMT7 was originally classified as a type II class of PRMT, potentiating MMA and SDMA formation (Lee et al. 2005) ; however, a later investigation demonstrated PRMT7 activity drives the formation of mono-methylated arginine and is now classed as a type III PRMT enzyme (Zurita-Lopez et al. 2012) . In the context of survival and clinical outcomes, Oh et al. (2017) provided evidence from the analysis of multiple cohorts that PRMT7 expression is linked with poor clinical outcomes and increased risk of relapse and metastasis (Oh et al. 2017) .
Gene set enrichment analysis was utilised to identify PRMT7 as a differentially expressed causal gene for breast cancer metastasis (Thomassen et al. 2009 ). Yao et al. (2014) reported PRMT7 expression is increased in breast cancer and associated with the induction of epithelialmesenchymal transitions (Yao et al. 2014) . The mechanism involved PRMT7 (and HDAC3) recruitment to the E cadherin promoter (suppressing E cadherin expression) and associated with increased H4R3 methylation and decreased lysine methylation during EMT activation. Depletion of PRMT7 reversed these effects on the E cadherin promoter and inhibited cell invasion in breast cancer cells (Yao et al. 2014) . Moreover, PRMT7 drives the increased expression of the metastatic mediator, matrix metalloproteinase 9 (MMP9) and promotes invasion in breast cancer cells . These investigations highlighted the therapeutic potential of PRMT7 inhibition in breast carcinogenesis. Geng et al. (2017) reported that R531 of PRMT7 is automethylated and promotes the EMT process and mediates cell invasion. PRMT7 expression in MCF-7 cells in a nude mouse model drives the metastatic processes, whereas mutation of R531 attenuates the metastatic behaviour. PRMT7 automethylation (associated with the recruitment to the E cadherin promoter and E cadherin expression) is significantly associated with poor clinical outcomes (Geng et al. 2017) . In summary, the studies to date suggest that PRMT7 is a (methylation-dependent) driver of cell invasion and metastasis mediated by the regulation of E cadherin.
Protein arginine methyltransferase 8
The function of PRMT8 in breast carcinogenesis requires further investigation. Oh et al. (2017) observed PRMT8 is associated with poor survival using z-score analysis of multiple breast cancer datasets; however, kmplot data and hazard ratio analysis indicated that PRMT8 expression was protective (Oh et al. 2017) . Increased PRMT8 expression in breast cancer is associated with improved patient survival, and the novel PRMT8 isoform (variant2) was involved in cellular proliferation (Hernandez et al. 2017) . Clearly, further analysis and studies are required to ascertain the role of PRMT8 in breast cancer survival and clinical outcomes and to elucidate the underlying mechanisms of action in the regulation of breast cancer proliferation.
Protein arginine methyltransferase 9
PRMT9 identified as a type II methyltransferase (Cook et al. 2006 ) similar to PRMT5, mediating the generation of MMA and SMDA. PRMT9 targets the spliceosome-associated protein (SAP) 145 at R508 and generates MMA and SDMA methylation marks on SAP145 (Yang et al. 2015b) . The same study also identified PRMT6-dependent methylation of the R515 residue on SAP145. These methylation events were associated with significant changes in RNA splicing, and with the formation of binding sites that mediate the assembly of ribonucleoprotein complexes, necessary for snRNP development. The role of PRMT9 in breast cancer has not been investigated, however, Jiang et al. (2018) studied its role in hepatocellular carcinoma (HCC) and observed that PRMT9 overexpression drives HCC invasion and metastasis. PRMT9 expression was associated with increased rates of disease recurrence, and reduced survival, and a significant risk factor (for survival) after surgery (Jiang et al. 2018) . PRMT9 overexpression promoted cellular migration, invasion and metastasis mediated by the EMT process and increased PI3K/Akt/GSK-3β/Snail signalling. In accord with those observations, PRMT9 depletion attenuated cell invasion. In HCC patient sample cohorts, PRMT9 expression significantly correlated with Snail expression (Jiang et al. 2018) . In summary, the role of PRMT9 in breast cancer will be resolved in time but the similarities with other PMRT functions in the regulation of alternate splicing, cell invasion and metastasis underscores that the PRMTs display distinct and overlapping mechanism in the promotion of cell migration, invasion and metastasis during cancer.
Emergence of PRMT inhibitors as therapeutic and clinical tools
PRMT inhibitors were initially reported in 2004-2005, and recently selective, specific and potent PRMT inhibitors targeting PRMT3 (SGC707), CARM1 (PRMT4) (TP-064, MS049), PRMT5 and PRMT6 (EPZ020411) have been reported with membrane permeability and efficacy in cell culture and rodent models underscoring the therapeutic and pharmacological potential of targeting the PRMTs (recently reviewed in Kaniskan & Jin 2017 , Copeland 2018 . PRMT5 inhibitors EPZ015938/GSK3326595 and JNJ-64619178 have been reported to (i) attenuate cancer growth in cell and animal models, (ii) display tumour inhibition and regression in a biomarker-driven xenograft model and extend tumour growth attenuation after termination of drug treatment and (iii) are currently in oral administration clinical trials (NCT02783300 and NCT03573310, respectively) to assess safety, tolerance, pharmokinetics and clinical utility against a subgroup of solid cancers and non-Hodgkin lymphoma and to determine the appropriate phase 2 dosing (reviewed in Kaniskan & Jin 2017 , Copeland 2018 . These studies, the continual development of other PRMT inhibitors and the track record of lysine methyltransferase inhibitors in phase I/II clinical trials against solid tumours, leukaemia and lymphomas discussed in Copeland (2018) underscore the potential of pursuing PRMTs for the adjuvant treatment of breast cancer.
Conclusion and future opportunities
Breast cancer epigenetics is a rapidly evolving and emerging field of research that continues to develop our understanding of the pathophysiological and molecular mechanisms driving breast carcinogenesis. The tractability of this class of enzymes and modulators of gene regulation in the context of drug discovery, coupled to the rapid advances in next-generation sequencing technologies, is revealing new targets for adjuvant therapeutic control of breast cancer. The PRMT studies to date are divulging consensus genes/pathways targeted by PRMT signalling (Fig. 2) . For example, PRMT signalling (and R methylation) drives cellular proliferation, cell invasion and metastasis, targeting: (i) ERα signalling, (ii) p21 and p53 and several other tumour suppressors, (iii) TGF-β and EMT signalling and (iv) alternate splicing (Fig. 2) . These downstream effects of PRMT signalling have an impact on clinical and survival outcomes. Existing literature and several preliminary reports at conferences suggest the PRMT that function as coregulators of ERα signalling are also involved in the development of drug/endocrine resistance providing another prospective avenue for the treatment of hormone resistance and associated metastasis. As discussed in the review, there has been some lack of accord in the analysis of the specific roles of several PRMTs in human breast cancer cell lines (for example, cell cycle regulation) and also some reported conflicts in disease relapse and survival analysis; however, the role and extent of alternative splicing, sub-cellular localisation and the scope of isoforms within each PRMT family member (associated with variant-specific functions) may account for several of these discrepancies (Cook et al. 2006; reviewed in Baldwin et al. 2014 , Sohail & Xie 2015 . The next decade will certainly lead to the development and discovery of specific and selective PRMT inhibitors with utility against many cancers. The utility of these selective and specific compounds (for example, PRMT5 discussed above) coupled to the analysis of PRMT function in (i) mouse models of mammary tumourigenesis, (ii) breast cancer cell and (iii) patient-derived xenografts will resolve the distinct and overlapping functions/roles of these epigenetic enzymes in breast cancer.
Pharmacological exploitation of PRMT signalling and epigenetic activity presents the opportunity to improve clinical and survival outcomes that reduce the rates of tumour recurrence and metastasis. Therapeutic targeting of all the epigenetic enzyme classes in breast and many other cancers has the potential to provide novel and viable adjuvant treatment strategies for hormone resistant and metastatic breast cancer. Early clinical trials for PRMT5 and the Phase I/II track record for lysine methyltransferase inhibitors emphasise and draw attention to the vast promise and possibilities of pharmacologically attenuating this enzyme class in breast cancer.
